Leptin is one of the representative adipocyte-derived protein hormones. Measuring the serum leptin concentration gives an important index for preventing and treating diabetes mellitus and other diseases. We constructed in this study a chemiluminescent enzyme immunoassay (CLEIA) for measuring leptin by using the anti-leptin polyclonal antibody and alkaline phosphatase (ALP). The method applies the IgG-conjugated ferrite particle to capture leptin in a sample and the ALP-conjugated Fab fragment to detect the captured leptin. We tested Block ace, CE510, and bovine serum albumin (BSA) for their abilities to block non-specific binding of ALP-conjugated anti-leptin Fab to the ferrite particle and found BSA to be the most effective. The measurable range with this ELISA for leptin was 0.1-1.0 pg/mL of leptin and the detection limit (blank þ 2SD) was 0.1 pg/mL of leptin. These results demonstrate sufficient sensitivity with our system to measure the serum leptin concentration and its clinical usefulness. The results also suggest that a sensitive enzyme immunoassay can be constructed by using only one polyclonal antibody.
Leptin is one of the representative adipocyte-derived protein hormones. It was identified in 1994 as an ob gene product of the obesity and insulin-resistant ob/ob mouse model. 1) It is involved in energy homeostasis and insulin resistance via its central effect on the hypothalamus and peripheral effect on fatty acid oxidation, and is considered to primarily serve as a signal of sufficient energy for the human body.
2) The leptin level decreases when an individual receives less nutrition and loses weight; and the appetite is concomitantly increased and the energy expenditure therefore decreased through a mechanism of physiological adaptation. [2] [3] [4] [5] The leptin deficiency in ob/ob mice is associated with hyperinsulinemia and insulin resistance which can be corrected by an exogenous administration of leptin before the development of persistent obesity. 6, 7) However, the situation observed with humans is largely different from that with ob/ob mice; in most human cases, a high leptin level often accompanies obesity, suggesting leptin resistance in humans. The leptin level in humans is directly correlated with the adipose tissue mass as well as the nutritional status. [8] [9] [10] [11] An immunological reaction using antibodies is widely applied to assay various biological materials, because it is highly specific and rapid. An immunoassay has been the key technique for clinical diagnoses and biological analyses, particularly since the development of monoclonal antibodies.
12) It is essential to quickly and precisely identify the stage of the disorder to effectively treat a patient.
A light-emitting chemical reaction (chemiluminescence) produces electromagnetic radiation. The combination of an enzyme and chemiluminescence in the chemiluminescent enzyme immunoassay (CLEIA) provides a highly sensitive analytical method. The enzyme and substrate currently most extensively used for CLEIA are alkaline phosphatase (ALP) and a 3-(2 0 -spiroadamantane)-4-methoxy-4-(3 00 -phosphoryloxy)phenyl-1,2-dioxetane disodium salt (AMPPD). 13) ALP (EC 3.1.3.1) is a homodimeric metalloenzyme that catalyzes the hydrolysis of phosphomonoesters, whose subunit (about 50 kDa) contains two Zn 2þ ions and one Mg 2þ ion. [14] [15] [16] The concentration of the enzyme-reaction product formed in a particular reaction time (an end-point assay) or the reaction velocity for product formation (a rate assay) is measured by using the change in luminescence.
Measuring the serum leptin concentration gives an important index for preventing and treating diabetes. A highly sensitive EIA procedure is required because the serum leptin concentration is very low (<10 ng/mL for a normal individual). We constructed in this study a CLEIA method for measuring leptin that meets such a criterium.
Materials and Methods
Materials. Recombinant human leptin expressed in Escherichia coli (lot no. 115K1687), pepsin from porcine stomach mucosa, horseradish peroxidase-conjugated goat anti-rabbit IgG (lot no. 125K6059), and bovine serum albumin (BSA) were purchased from Sigma (St. Louis, MO, USA). Magnetic carboxyl-modified ferrite particles were from Nippon Paint Co. (Tokyo, Japan), and N-hydroxysuccinimide (NHS) was from Kanto Chemicals (Tokyo, Japan). o-Phenylenediamine dihydrochloride (OPD) and 1-ethyl-3-(3-dimethylaminopropyl)-carboy To whom correspondence should be addressed. Tel: +81-75-753-6266; E-mail: inouye@kais.kyoto-u.ac.jp Abbreviations: AMPPD, adamantly 1,2-dioxetanephenyl phosphate; ALP, alkaline phosphatase; CLEIA, chemiluminescent enzyme immunoassay; EIA, enzyme immunoassay; HRP, horseradish peroxidase; MES, 2-(N-morpholino)ethanesulfonic acid; OPD, o-phenylenediamine dihydrochloride diimide hydrochloride were from Wako Pure Chemicals (Osaka, Japan). Block ace was from Snow Brand Milk Products Co. (Tokyo, Japan) and CE510 was from JSR Corporation (Tokyo, Japan). All other chemicals were of reagent grade and purchased from Nacalai Tesque (Kyoto, Japan) and Wako Pure Chemicals.
Preparation of the polyclonal antibody. The rabbit anti-leptin polyclonal antibody was prepared in accordance with the conventional procedure. 17, 18) Rabbits (Japanese White) were initially immunized with 1 mg of recombinant human leptin in Freund's complete adjuvant and then with 0.5 mg of leptin in Freund's incomplete adjuvant for all subsequent injections at 1 week intervals. Antibodies in the serum were detected in 96-well microplates that had been coated with leptin (100 mL of 5 mg/mL in 0.1 M sodium carbonate at pH 9.6) and then blocked with 5% skim milk (Difco, Detroit, MI, USA) in 10 mM phosphate-buffered saline (PBS) at pH 7.4. The plates were washed with 10 mM PBS (pH 7.4) containing 0.05% Tween 20. Sera of varying dilution were added to each well, and the reaction mixture then incubated at room temperature for 1 h. After washing three times with 10 mM PBS (pH 7.4) containing 0.05% Tween 20, the bound antibodies were detected by sequentially incubating with HRP-conjugated goat anti-rabbit IgG (100 mL of a 6000-fold diluent in PBS) and OPD (100 mL of 0.4 mg/mL in 10 mM PBS at pH 7.4).
IgG was purified from the sera of immunized rabbits as previously described. 19, 20) The collected sera were centrifuged at 10;000 Â g for 15 min to collect the supernatant. Solid ammonium sulfate was added to give 50% saturation. The precipitate was collected by centrifugation at 10;000 Â g for 10 min, dissolved in 3 mL of 10 mM PBS (pH 7.4), and dialyzed overnight against 20 mM PBS (pH 7.4). The dialysate was passed through a 0.45-mm filter and applied to a 1-mL Protein A column (GE Healthcare, Buckinghamshire, UK) that had been equilibrated with 20 mM PBS at pH 7.4. The column was washed with 20 mM PBS (pH 7.4), and IgG was eluted with 0.1 M citrate-NaOH (pH 3.0) at a flow rate of 0.3 mL/min at room temperature. The fractions were collected and dialyzed overnight against 10 mM PBS (pH 7.4). The concentration of purified IgG was spectrophotometrically determined by using an absorption of 1.4 at 280 nm (A 280 ) for a concentration of 1.0 mg/mL and a molecular mass of 150 kDa for IgG. [17] [18] [19] [20] Preparation of the F(ab 0 ) 2 fragment. The F(ab 0 ) 2 fragment was prepared as previously described. 21, 22) Purified IgG (2.0 mL of 4.0 mg/mL) was dialyzed overnight against 0.1 M citrate-NaOH (pH 3.5). A pepsin solution (40 mL of 1.0 mg/mL in 0.1 M citrate-NaOH (pH 3.5)) was added to the dialyzate, and the mixture incubated at 37 C for 2 h. This mixture contained 7 units of pepsin to 1 mg of IgG, giving a pepsin to IgG ratio of 1:50 (w/w). The reaction was stopped by adjusting the pH value of the reaction mixture to 7.4 by adding 3 M Tris. The mixture was then dialyzed overnight against 10 mM PBS (pH 7.4) at 4 C. The resulting dialyzate was applied to a Superdex 200 column (10 mm i.d. Â 600 mm) that had been equilibrated with 10 mM PBS at pH 7.4 and eluted at a flow rate of 0.33 mL/min at 4 C. The fractions containing the F(ab 0 ) 2 fragments were collected and stored at 4 C before being used. The protein concentration was determined with a BCA protein assay kit (Pierce, IL, USA), using with BSA as the standard.
Preparation of the ALP-conjugated Fab fragment. The ALPconjugated Fab fragment was prepared from ALP and the F(ab 0 ) 2 fragment by using an SH alkaline phosphatase labeling kit (Dojindo, Kumamoto, Japan) and stored at 4 C before being used. The protein concentration was determined with a BCA protein assay kit, using BSA as the standard.
Preparation of the IgG-conjugated ferrite particles. The carboxyl group of the magnetic carboxyl-modified ferrite particles was activated by mixing the ferrite particles (2.0 mL of 2.5 mg/mL in 50 mM MESNaOH (pH 5.6)), NHS (230 mL of 50 mg/mL in 50 mM MES-NaOH (pH 5.6)), and the water-soluble carbodiimide, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (2.0 mL of 20 mg/mL in a 50 mM MES-NaOH buffer (pH 5.6)) and then incubating the mixture at 25 C for 30 min while continuously stirring. The mixture was centrifuged at 10;000 Â g for 7 min, before the particles were washed twice with the same buffer and re-suspended in this same buffer.
IgG was conjugated with the modified particles by mixing the particles (1.97 mL of 2.5 mg/mL in 50 mM MES-NaOH (pH 5.6)) and IgG (30 mL of 2.0 mg/mL in 10 mM PBS (pH 7.4)) and incubating the mixture at 37 C for 30 min while continuously stirring. The mixture was finally centrifuged at 22;600 Â g for 7 min to collect the precipitate of IgG-conjugated ferrite particles.
Thermal treatment of BSA. BSA (2 g) was added to 100 mM glycineNaOH, 0.15 M NaCl, 5 mM EDTA and 0.1% w/v NaN 3 (pH 9.6), and topped up to 200 mL. The mixture was incubated at 55 C for 20 min and then immediately cooled to room temperature.
Test of the blocking reagents. The IgG-conjugated ferrite particles (5 mg) were dispersed in 1.0 mL of 50 mM MES-NaOH (pH 7.6). One mL of a 1% blocking reagent (Block ace, CE510, or BSA) was added and allowed to react at 25 C for 30 min while continuously stirring. The particles were washed with 0.1 M Tris-HCl (pH 8.2) and finally suspended in the same buffer. Measurements were taken with a Lumipulse f fully automatic CLEIA system (Fujirebio, Tokyo), using 1.5 mg/mL of the antibody-conjugated ferrite particles and 50 ng/mL of ALP-Fab.
Standard CLEIA curve for leptin. Stock solutions of leptin were diluted with the standard matrix (Fujirebio) to 0.1-1.0 pg/mL. Measurements were taken with the Lumipulse f as just described above. Figure 1 shows a schematic representation of CLEIA for leptin comprising IgG-conjugated ferrite particles for capturing leptin in a sample and the ALP-conjugated Fab fragment for detecting the captured leptin. Chemiluminescence was detected at 477 nm which was emitted from the product by the ALP reaction with AMPPD as a substrate. CLEIA for leptin was conducted by the following procedure: (i) rabbits were immunized with leptin or CRP; (ii) IgG was purified by the sera of the immunized rabbits; (iii) the F(ab 0 ) 2 fragment was prepared from IgG by pepsin digestion; (iv) ALP was chemically conjugated with the Fab fragment (Fig. 2A) ; and (v) IgG was chemically conjugated with the ferrite particles (Fig. 2B) .
Results

CLEIA construction for leptin
The rabbits were immunized with leptin. The antileptin antibody in the sera was measured by EIA, using leptin-coated microplates, as described in the Materials and Methods section. The titer of the anti-leptin antibody in the sera reached a maximum 21 d after the onset of immunization. IgG was then purified from the total sera by ammonium sulfate precipitation and Protein A affinity chromatography. Figure 3A shows the elution pattern for gel filtration chromatography of the purified IgG preparation. IgG was eluted almost as a single peak, and the purity was estimated to be more than 98%. The F(ab 0 ) 2 fragment was prepared from IgG by pepsin digestion and purified by gel filtration chromatography. Figure 3B shows the elution pattern for gel filtration chromatography. The F(ab 0 ) 2 fragment was eluted as the first peak, and the Fc fragment, as the second peak.
ALP was conjugated with the Fab fragment as shown in Fig. 2A . The disulfide bridges of the F(ab 0 ) 2 fragment connecting two Fab fragments were reduced to make the Fab fragment. The disulfide bridges connecting the heavy and light chains were not reduced in this reaction. The maleimide group was introduced to the amino group of ALP to make SH-reactive ALP. The Fab fragment and SH-reactive ALP were mixed to make the ALPconjugated Fab fragment. Figure 3C shows the elution pattern for gel filtration chromatography of the reaction mixture of SH-reactive ALP and the Fab fragment. The ALP-conjugated Fab fragment was eluted as the first peak, and the Fab fragment and ALP, as the second peak.
Test of the blocking reagents
Non-specific binding of the ALP-conjugated Fab fragment should be reduced to a minimum to achieve high sensitivity. The commercial blocking reagents, Block ace, CE510, and BSA, were each tested to block this non-specific binding. Block ace is a protein mixture prepared from milk, CE510 is a hydrophilic synthetic polymer, and BSA was treated at 55 C to inactivate any contaminating viruses and enzymes. We confirmed that heat-treated BSA fully retained its blocking ability. The ALP-conjugated Fab fragment which had been purified by gel filtration and that which had not (the purified and unpurified ALP-conjugated Fab fragments, respectively) were tested. Either the purified or unpurified ALPconjugated Fab fragment was mixed with the particles after the blocking reaction. Figure 4 shows the luminescence counts as BSA < CE510 < Block ace. When the purified ALP-conjugated Fab fragment was used, the respective coefficient variation (CV) values for Block ace, CE510, and BSA were 11.9, 9.6, and 5.2% (n ¼ 8).
The purified ALP-conjugated Fab fragment exhibited smaller counts than the unpurified fragment, so we selected BSA and the purified ALP-conjugated Fab fragment for further study. Figure 5 shows the standard curve for leptin when using the Lumipulse f fully automated CLEIA system (Fujirebio). The measurable range for leptin was 0.1-1.0 pg/mL, and the detection limit (blank þ 2SD) for leptin was 0.1 pg/mL. The range of CV values at each point was 1.3-5.7% (n ¼ 6), and the time required for all steps was 40 min.
Standard curve
Discussion
Sensitivity of CLEIA for leptin The serum concentrations of various proteins that play important physiological roles are very low. This feature is most typical for such adipocytokines as leptin, IL-1, IL-6, resistin, and TNF-. [23] [24] [25] [26] Several EIA microtiter kits for leptin are commercially available. According to the manufacturers' instructions, the measurable ranges for leptin are 15.6-1000 pg/mL for the Human Leptin Immunoassay kit (Qiagen, Hamburg, Germany) and Leptin ELISA Human kit (R&D Systems, Minneapolis, MN, USA), 1-50 ng/mL for the Human Leptin ELISA kit (B-Bridge International, Cupertino, CA, USA), and 0.5-100 ng/mL for the Human Leptin ELISA kit (Linco Research, St. Charles, MO, USA). The respective serum leptin concentrations in the healthy male and female volunteers were the range of 2.2-11.1 and 3.9-77.2 ng/mL according to the manual for the Human Leptin Immunoassay kit. The times required for all steps were several hours. The measurable amount with our system was 0.1-1.0 pg/mL of leptin, and the detection limit (blank þ 2SD) was 0.1 pg/mL of leptin. Even if 10-100-fold dilution of the serum would be necessary for measurement, our system is sensitive enough to measure the serum leptin concentration without being affected by various substances and might thus be clinically useful for diagnosing such a disease as diabetes mellitus. We consider that high sensitivity was achieved for the following reasons: (i) CLEIA with ALP has higher performance than other immunoassays; (ii) a blocking reagent was optimized; (iii) ferrite particles to which the anti-leptin antibody was chemically conjugated, but not physically absorbed, were used; and (iv) the anti-leptin antibody, to which ALP was chemically conjugated, was used instead of a combination of the anti-leptin antibody and ALP-conjugated anti-antibody. We speculate that, of these four reasons, the high performance of CLEIA was the most critical. This should be experimentally clarified in the future. One possible strategy for further increasing the sensitivity of our system is to increase the ALP activity. In this respect, we have already reported that the synchronous enzyme reaction of ALP and alcohol dehydrogenase increased the sensitivity of EIA, 27) and recently found that aminoalcohol and polyethyleneglycol increased the ALP activity (unpublished results).
Optimization of the blocking reagents
Blocking is an important step in EIA, and it reduces non-specific binding to the solid phase. Non-specific binding of ALP-conjugated Fab to the ferrite particles triggers a high background with our system. We found that BSA, a conventional blocking reagent, was the most effective blocking reagent (Fig. 4) . However, polyethyleneglycol, 28) polyvinylalcohol, 28) polyvinylpyrrolidone, 29) milk, 30) and casein 30) were all more effective than BSA according to previous reports. Our system involves the carboxyl group of the ferrite particles being modified with NHS, to which IgG was conjugated, the particles therefore not being charged. An antibody can be bound to the particles only through physical absorption. In this case, the carboxyl group of the particles is negatively charged under the assay conditions (pH 7.4). On the other hand, BSA, whose isoelectric point is 4. 7-4.8, 31) is also negatively charged at pH 7.4. There is a possibility that an electrostatic repulsive force between the unmodified particles and BSA reduced the blocking effect of BSA in these previous studies. [28] [29] [30] Such a repulsive force does not occur in our system using IgG-conjugated particles and BSA.
Use of a polyclonal antibody in EIA Two monoclonal antibodies that recognize different regions of a target molecule are generally used in EIA. However, we did not have an anti-leptin antibody with high affinity. Making a monoclonal antibody is often time-consuming and sometimes results in limited success when compared to making a polyclonal antibody. We hypothesized in this study that a sensitive EIA procedure for leptin could be constructed by using only one anti-leptin polyclonal antibody, and the results were satisfactory.
We have also constructed a CLEIA procedure for measuring the C-reactive protein (CRP) by using one anti-CRP polyclonal antibody (unpublished results). When compared with the latex turbidimetric immunoassay (LTIA) for CRP, 32) the measurable range of CLEIA for CRP was higher than that of LTIA (unpublished results). Our results for the EIA procedure using one polyclonal antibody for leptin or CRP suggest that sensitive EIA was possible when using only one polyclonal antibody. However, it should be mentioned that EIA with a monoclonal antibody is preferable to one with a polyclonal antibody in that the same polyclonal antibody cannot be consistently produced.
In conclusion, we established a highly sensitive and rapid CLEIA procedure for measuring leptin by using the fully automated Lumipulse f CLEIA system to detect 0.1 pg/mL of leptin in 40 min. This procedure is highly sensitive and rapid compared with the conventional microtiter EIA kits. Measuring the serum leptin concentration of patients with diabetes mellitus is currently underway with this system. The effects of various solvents and additives on ALP activity are also being examined to further improve the performance of this system. Fig. 4 . Effects of Blocking Reagents on the Luminescence Count.
Block ace
The IgG-conjugated ferrite particles were suspended in 1 mL of 50 mM MES-NaOH (pH 5.6) containing either 0.5% w/v Block ace, CE510, or BSA, and the blocking reaction was carried out as described in the Materials and Methods section. The ferrite particles were then mixed with the ALP-conjugated Fab fragment which had been purified by gel filtration (unshaded column) or not (shaded column) and subsequently reacted with AMPPD as a substrate. The average of the luminescence counts (n ¼ 8) is shown. Error bars indicate SD values. Leptin (100 mL of 0-1.0 pg/mL) was used to make a standard curve. The CV values at each point were 1.3-5.7% (n ¼ 6). Error bars indicate SD values.
